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1
METHOD FOR INCORPORATING IMPURITY
ELEMENT IN EPI SILICON PROCESS

BACKGROUND

As the semiconductor industry has progressed into nanom-
eter technology process nodes in pursuit of higher device
density, higher performance, and lower costs, challenges
from both fabrication and design issues have resulted in the
development of three dimensional designs, such as a fin-like
field effect transistor (FinFET). A typical FinFET is fabri-
cated with a thin ‘fin’ extending from a substrate, for example,
etched into a silicon layer of the substrate. The channel of the
FET is formed in this vertical fin. A gate is provided over (e.g.,
wrapping) the fin. It is beneficial to have a gate on both sides
of'the channel allowing gate control of the channel from both
sides. Further advantages of FinFETs include reducing the
short channel effect and higher current flow.

There have been problems associated with fabrication of
FinFETs. For example, the process of growing epitaxial (epi)
silicon on portions of the fin as part of source and drain
features has been adversely impacted by various process
parameters of current fabrication techniques. Therefore, what
is desired an improved method of growing epi silicon in
semiconductor fabrication.

SUMMARY

One of the broader forms of an embodiment of the present
invention involves a method of fabricating a semiconductor
device. The method includes providing a substrate; forming a
plurality of fins over the substrate, the fins being isolated from
each other by an isolation structure; forming a gate structure
over a portion of each fin; forming spacers on sidewalls of the
gate structure, respectively; epitaxially (epi) growing silicon
on exposed portions of each fin, wherein the epi process
incorporates an impurity element selected from the group
consisting of germanium (Ge), indium (In), and carbon (C);
and doping the silicon epi with an n-type dopant; and doping
the silicon epi with an n-type dopant.

Another one of the broader forms of an embodiment of the
present invention involves a method of fabricating a semicon-
ductor device. The method includes forming a plurality of
silicon fins, the silicon fins being isolated from each other by
a shallow trench isolation (STI); forming a gate structure over
each of the silicon fins; forming spacers on sidewalls of the
gate structure, respectively; forming an epitaxial (epi) silicon
on exposed portions of each of the silicon fins; and doping the
epi silicon with an n-type dopant as part of source and drain
features. The epi process utilizes a silicon precursor, a carrier
gas, and an impurity element selected from the group con-
sisting of germanium (Ge), indium (In), and carbon (C). An
atomic ratio of the impurity element to the epi silicon is less
than 10%;

Yet another one of the broader forms of an embodiment of
the present invention involves a semiconductor device. The
semiconductor device includes a substrate and an n-channel
finFET. The finFET includes a plurality of silicon fins dis-
posed over the substrate, the silicon fins being isolated from
each other by a shallow trench isolation (STI); a gate structure
disposed over a portion of each fin; spacers formed on side-
walls of the gate structure, respectively; and source and drain
regions formed in another portion of each fin including an epi
silicon disposed over the another portion of each fin, wherein
the epi silicon includes an impurity element selected from the
group consisting of germanium (Ge), indium (In), and carbon
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(C), and wherein an atomic ratio of the impurity element to
the epi silicon is less than 10%.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the accom-
panying figures. It is emphasized that, in accordance with the
standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the various features
may be arbitrarily increased or reduced for clarity of discus-
sion.

FIG. 1 is a flowchart of a method of fabricating a semicon-
ductor device with strained structures according to various
aspects of the present disclosure; and

FIGS. 2A-2G are cross-sectional views and a top view of a
semiconductor device at various stages of fabrication accord-
ing to the method of FIG. 1.

DETAILED DESCRIPTION

It is understood that specific embodiments are provided as
examples to teach the broader inventive concept, and one of
ordinary skill in the art can easily apply the teaching of the
present disclosure to other methods or apparatus. In addition,
it is understood that the methods and apparatus discussed in
the present disclosure include some conventional structures
and/or processes. Since these structures and processes are
well known in the art, they will only be discussed in a general
level of detail. Furthermore, reference numbers are repeated
throughout the drawings for sake of convenience and
example, and such repetition does not indicate any required
combination of features or steps throughout the drawings.
Moreover, the formation of a first feature over and on a second
feature in the description that follows may include embodi-
ments in which the first and second features are formed in
direct contact, and may also include embodiments in which
additional features may be formed interposing the first and
second features, such that the first and second features may
not be in direct contact. FInFET device as the term is
employed in the current disclosure provides any fin-based,
multi-gate transistor.

Referring to FIG. 1, illustrated is a flowchart of a method
100 of fabricating a semiconductor device according to vari-
ous aspects of the present disclosure. The method 100 begins
with block 102 in which a semiconductor substrate is pro-
vided. The method 100 continues with block 104 in which a
plurality of fins are formed over the substrate. The fins are
separated from each other by an isolation structure. The
method 100 continues with block 106 in which a gate struc-
ture is formed over a portion of each fin. The method contin-
ues with block 108 in which spacers are formed on sidewalls
of'the gate structure, respectively. The method 100 continues
with block 110 in which silicon is epitaxially (epi) grown on
exposed portions of each fin. The method 100 continues with
block 112 in which the silicon epi is doped with an n-type
dopant to form source and drain regions. In some embodi-
ments, the doping is performed in-situ the epi process. The
method 100 continues with block 114 in which fabrication of
the semiconductor device is completed. The discussion that
follows illustrates various embodiment of a semiconductor
device that can be fabricated according to the method 100 of
FIG. 1.

Referring to FIGS. 2A-2G, illustrated is an embodiment of
a semiconductor device 200 at various stages of fabrication
according to the method 100 of FIG. 1. It should be noted that
the semiconductor device 200 may be fabricated in CMOS
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technology. Accordingly, additional processes may be pro-
vided before, during, and after the method 100 of FIG. 1, and
that some process are only briefly described herein. It is
understood that FIGS. 2A-2G have been simplified for the
sake of clarity to better understand the inventive concepts of
the present disclosure. In FIG. 2A, the semiconductor device
200 includes a substrate 202. The substrate 202 may be sili-
con in a crystalline structure. In other embodiments, the sub-
strate may include other elementary semiconductors such as
germanium, or include a compound semiconductor such as,
silicon carbide, gallium arsenide, indium arsenide, and
indium phosphide.

The semiconductor device 200 includes a plurality of fins
204 that extend from the substrate 202. Although only three
fins are shown, it is understood that the number of fins may
vary depending on the particular application. The fins 204
include silicon. The fins 204 may be fabricated by using
suitable process such as photolithography and etch. For
example, the photolithography process may include forming
a photoresist layer (resist) overlying the substrate (e.g., on a
silicon layer), exposing the resist to a pattern, performing
post-exposure bake processes, and developing the resist to
form a masking element including the resist. The masking
element may then be used to etch fins 204 from the substrate
202. The fins 204 may be etched using reactive ion etch (RIE)
and/or other suitable processes. Shallow trench isolation
(STI) structures 206 surround the fins 204 and isolate each fin
from the other fins. The STI structures 206 may include any
suitable insulating material.

In other embodiments, the substrate 202 includes a silicon-
on-insulator (SOI) substrate. The SOI substrate may be fab-
ricated using separation by implantation of oxygen (SIMOX),
wafer bonding, and/or other suitable methods. The layer of
silicon may be a silicon layer of an SOI substrate (e.g., over-
lying an insulator layer). The fins may be formed, for
example, by etching a layer of silicon on the substrate 202.

In an embodiment, the fins 204 may be formed by double-
patterning lithography (DPL) process. DPL is a method of
constructing a pattern on a substrate by dividing the pattern
into two interleaved patterns. DPL allows enhanced feature
(e.g., fin) density. Various DPL. methodologies may used
including, double exposure (e.g., using two mask sets), form-
ing spacers adjacent features and removing the features to
provide a pattern of spacers, resist freezing, and/or other
suitable processes.

In FIG. 2B, the semiconductor device 200 includes one or
more gate structures 210 that are formed over a portion of
each of the fins 204. It is noted that FIG. 2A is a cross-
sectional view across the fins 204 and FIG. 2B is a cross-
sectional view along one of the fins 204 as is shown by a top
view in FIG. 2C. Although not shown, the gate structures 210
wrap around the fins 204 allowing gate control of the channel
from both sides of the fin. The gate structure 210 includes a
gate dielectric layer 212, a gate electrode 214, and a hard
mask 216.

The gate dielectric 212 may include silicon oxide, silicon
nitride, high-k dielectric, or other suitable material. The
high-k dielectric layer may include a binary or ternary high-k
film such as HfOx. Alternatively, the high-k dielectric layer
212 may optionally include other high-k dielectrics such as
La0, A10, ZrO, TiO, Ta205,Y203, SrTiO3 (STO), BaTiO3
(BTO), BaZrO, HfZrO, HfLaO, HfSiO, LaSiO, AlSiO,
HfTaO, HfTiO, (Ba,Sr)TiO3 (BST), A1203, Si3N4, oxyni-
trides, or other suitable materials. The gate dielectric is
formed by a suitable process such as an atomic layer deposi-
tion (ALD), chemical vapor deposition (CVD), physical
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vapor deposition (PVD), thermal oxidation, UV-o0zone oxi-
dation, or combinations thereof.

The gate electrode 214 may include polysilicon, silicon-
germanium, a metal including metal compounds such as, Mo,
Cu, W, Ti, Ta, TiN, TaN, NiSi, CoSi, and/or other suitable
conductive materials known in the art. The gate electrode 214
may be formed using processes such as, physical vapor depo-
sition (PVD), chemical vapor deposition (CVD), plasma-
enhanced chemical vapor deposition (PECVD), atmospheric
pressure chemical vapor deposition (APCVD), low-pressure
CVD (LPCVD), high density plasma CVD (HD CVD),
atomic layer CVD (ALCVD), and/or other suitable processes
which may be followed, for example, by photolithography
and/or etching processes.

The hard mask 216 includes silicon oxide. Alternatively,
the hard mask 216 may optionally silicon nitride, silicon
oxynitride, and/or other suitable dielectric materials, and may
be formed using a method such as CVD or PVD.

In FIG. 2D, spacer material layers are formed over the gate
structures 210 and the fins 204. For example, an oxide layer
220 may be formed over the substrate the gate structures 210.
The oxide layer 220 may be formed by CVD, PVD, ALD, or
other suitable technique. Additionally, a nitride layer 222 may
be formed over the oxide layer 220. The nitride layer 222 may
be formed by CVD, PVD, ALD, or other suitable technique.

In FIG. 2E, an etching process 230 is performed to remove
portions of the nitride layer 222 and oxide layer 220 thereby
forming spacers 234. In the present embodiment, the etching
process 230 includes a dry etching (e.g., anisotropic etching)
process. Therefore, following the etching process 230, spac-
ers 234 are formed on the sidewalls of the gate structures 210.
It is understood that the etching process 230 may be per-
formed as one etching process or multiple etching processes.
A cleaning process such as an HF cleaning process may be
performed after the etching process 230. In some embodi-
ments, an implantation process may be performed to implant
dopants in exposed portions of the fins 204 to form source and
drain features.

In FIGS. 2F and 2G, an epitaxial (epi) process 240 is
performed to selectively grow silicon 242 on exposed por-
tions of the fins 204 as part of source and drain features of an
n-channel finFET device. It is noted that FIG. 2F is cross-
sectional view along one of the fins 204 (similar to FIG. 2B)
and FIG. 2G is a cross-sectional view across the fins 204
(similar to FIG. 2A). The epi silicon 242 provides raised
source and drain features, and helps reduce parasitic series
resistance which improves device performance such as drive
current. The epi process 240 utilizes a silicon precursor such
as SiH4, Si2H2CI12, or Si3H8, a carrier gas such as H2 or N2,
and an etchant component such as HCI.

The etchant component is used to control deposition selec-
tivity of the silicon. That is, there may be some silicon that is
undesirably deposited on other materials besides silicon, such
asthe STI 206 (e.g., oxide) and the spacers 234 (e.g., nitride).
Accordingly, the etchant component is used to remove the
silicon on these structures. It has been observed that the
etchant component adversely impacts the growth rate of the
epi silicon. The amount of etchant component is selected in
view of a trade-oft between the growth rate and the deposition
selectivity. Further, in situations where doping (e.g., n-type
dopant such as phosphorous (P) or arsenic (A)) is performed
in-situ the epi process, it has been observed that the etchant
component adversely impacts the doping concentration. The
dopant precursor flow (e.g., PH3 flow for phosphorous) can
be increased to increase the doping concentration. However,
the doping concentration becomes saturated at a certain
dopant precursor flow, and thus increasing the dopant precur-
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sor flow beyond this point will have no effect. Moreover, it has
been observed that defects in the epi silicon may form due to
the low selectivity at the STT 206.

In the present embodiment, an impurity element is incor-
porated with the epi process 240 to address the various issues
discussed above. The impurity element includes germanium
(G), indium (In), and carbon (C). For example, GeH4 may be
utilized for the Ge impurity element. Indium acetylacetonate
(In(OCCH3CHOCCH3)3) or trimethylindium (In(CH3)3)
may be utilized for the In impurity element. CH3SiH3 may be
utilized for the C impurity element. An amount of the impu-
rity element is selected so as not to adversely affect the
structure of the epi silicon 242. In the present embodiment, a
percentage of the impurity element is selected to be less than
10%, and in some instances less than 5%. The percentage is
calculated based on an atomic ratio of the impurity element to
the epi silicon. The atomic ratio is the number of impurity
element atoms to the number of epi silicon atoms. Accord-
ingly, some impurity elements may remain in the epi silicon
242 after the epi process 240.

The epi process 240 utilizes a total pressure ranging from
about 5 to about 350 torr and a process temperature ranging
from about 550° C. to about 750° C. The carrier gas flow
ranges from about 10 slm to about 45 slm. It is noted that the
specified ranges for the various process parameters have been
found to provide a suitable growth rate and defect-free epi
silicon. However, it is understood that the various process
parameters may be tuned for a particular fabrication tool
and/or application.

It has been observed that by incorporating the impurity
element, the growth rate of the epi process is improved. One
reason may be that the impurity element acts as a desorption
center for the hydrogen atoms of the silicon precursor on the
surface. Additionally, in situations where doping is per-
formed in-situ the epi process, the dopant precursor flow can
be increased to increase the doping concentration to a desired
level without concern of saturation. The impurity element
may reduce dopant poison on the silicon surface. Thus, in-situ
doping is a viable option with the incorporation of the impu-
rity element. In some embodiment, a percentage of the dopant
element is less than 1%. The percentage is calculated based on
an atomic ratio of the impurity element to the epi silicon. The
atomic ratio is the number of impurity element atoms to the
number of epi silicon atoms. Accordingly, some impurity
elements may remain in the epi silicon 242 after the epi
process 240. Moreover, it has been observed that defects in
the epi silicon are reduced due to good selectivity at the STI
206 with the incorporation of the impurity element.

The semiconductor device 200 may continue with fabri-
cating other features of FinFET elements as is known in the
art, including, for example, forming of source/drain regions,
forming contact such as silicide features, interconnect struc-
tures, and/or other suitable processes and features as is known
in the art.

The semiconductor device 200 serves only as one example.
The semiconductor device 200 may be used in various appli-
cations such as digital circuit, microprocessors, imaging sen-
sor devices, dynamic random access memory (DRAM) cell,
and/or other microelectronic devices (collectively referred to
herein as microelectronic devices). Of course, aspects of the
present disclosure are also applicable and/or readily adapt-
able to other types of transistors, including single-gate tran-
sistors, planar transistors, double-gate transistors, and other
multiple-gate transistors, and may be employed in many dif-
ferent applications, including sensor cells, memory cells,
logic cells, and others.
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The foregoing has outlined features of several embodi-
ments. Those skilled in the art should appreciate that they may
readily use the present disclosure as a basis for designing or
modifying other processes and structures for carrying out the
same purposes and/or achieving the same advantages of the
embodiments introduced herein. Those skilled in the art
should also realize that such equivalent constructions do not
depart from the spirit and scope of the present disclosure, and
that they may make various changes, substitutions and alter-
ations herein without departing from the spirit and scope of
the present disclosure.

What is claimed is:
1. A method of fabricating a semiconductor device, com-
prising:
providing a substrate;
forming a plurality of fins over the substrate, the fins being
isolated from each other by an isolation structure,
wherein the plurality of fins includes a first fin having a
first sidewall portion and an opposing second sidewall
portion and a top surface extending between the first and
second sidewall portions;
after forming the plurality of fins over the substrate, form-
ing a gate structure over a portion of the first fin, wherein
forming the gate structure over the portion of the first fin
includes forming the gate structure along the first side-
wall portion, the second sidewall portion, and the top
surface of the first fin such that the gate structure physi-
cally contacts the first sidewall portion, the second side-
wall portion, and the top surface of the first fin;

forming spacers on sidewalls of the gate structure, wherein
forming spacers on the sidewalls of the gate structure
includes forming an inner spacer layer over the gate
structure and an outer spacer layer over the inner spacer
layer;

epitaxially (epi) growing silicon on exposed portions of

each fin, wherein the epi process incorporates an impu-
rity element that includes indium (In), wherein the inner
spacer layer completely covers the gate structure while
the silicon is epitaxially grown on the exposed portions
of each fin; and

doping the epi silicon with an n-type dopant.

2. The method of claim 1, wherein an atomic ratio of the
impurity element to the epi silicon is less than 10%.

3. The method of claim 1, wherein the impurity element
further includes germanium (Ge) and the epi process utilizes
GeH4 for the Ge impurity element.

4. The method of claim 1, wherein the impurity element
further includes carbon (C) and the epi process utilizes
CH3SiH3 for the C impurity element.

5. The method of claim 1, wherein the epi process utilizes
one of indium acetylacetonate and trimethylindium for the In
impurity element.

6. The method of claim 1, wherein the n-type dopant
includes phosphorous, and the doping is performed in-situ the
epi process.

7. The method of claim 1, wherein the epi process further
includes utilizing HCl to remove silicon disposed on the
spacers and isolation structure during the epi process.

8. A method of fabricating a semiconductor device, com-
prising:

forming a plurality of silicon fins, the silicon fins being

isolated from each other by a shallow trench isolation
(STI), wherein the plurality of silicon tins includes a first
silicon fin having a first sidewall portion and an oppos-
ing second sidewall portion and a top surface extending
between the first and second sidewall portions;
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forming a gate structure over the first silicon fin, wherein
forming the gate structure over the first silicon fin
includes forming the gate structure along the first side-
wall portion, the second sidewall portion, and the top
surface of the first silicon fin such that the gate structure
physically contacts the first sidewall portion, the second
sidewall portion, and the top surface of the first silicon
fin;

forming spacers on sidewalls of the gate structure, wherein

forming spacers on the sidewalls of the gate structure
includes forming an inner spacer layer over the gate
structure and an outer spacer layer over the inner spacer
layer;

forming an epitaxial (epi) silicon on exposed portions of

each of the silicon fins), wherein the inner spacer layer
completely covers the gate structure while the silicon is
epitaxially formed on the exposed portions of each the
silicon fins; and

doping the epi silicon with an n-type dopant as part of

source and drain features;
wherein the epi process utilizes a silicon precursor, a car-
rier gas, and an impurity element that includes germa-
nium (Ge), indium (In), and carbon (C);

wherein an atomic ratio of the impurity element to the epi
silicon is less than 10%.

9. The method of claim 8, wherein the epi process utilizes
GeH4 for the Ge impurity element.

10. The method of claim 8, wherein the epi process utilizes
CH3SiH3 for the C impurity element.

11. The method of claim 8, wherein the epi process utilizes
one of indium acetylacetonate and trimethylindium for the In
impurity element.

12. The method of claim 8, wherein the atomic ratio is less
than 5%.

13. The method of claim 8, wherein the epi process utilizes
a pressure ranging from about 5 to about 350 torr and a
temperature ranging from about 550° C. to about 750° C.

14. The method of claim 8, wherein a percentage of the
n-type dopant is less than 1% and wherein the doping is
performed in-situ the epi process.

15. The method of claim 8, wherein the epi process further
includes utilizing HCl to remove silicon disposed on the
spacers and STI during the epi process.

16. The method of claim 1, further comprising forming
another gate structure along the first sidewall portion, the
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second sidewall portion, and the top surface of the first fin
such that the another gate structure physically contacts the
first sidewall portion, the second sidewall portion, and the top
surface of the first fin.
17. The method of claim 16, further comprising forming
spacers on sidewalls of the another gate structure, and
wherein the epitaxially grown silicon on exposed portions
of each fin includes a first portion of the epitaxially
grown silicon extending along the first fin from the spac-
ers of the gate structure to the spacers of the second gate
structure.
18. The method of claim 8, wherein the STI physically
contacts the first sidewall portion of the first silicon fin.
19. A method comprising:
forming a plurality of fins over a substrate, the (ins being
isolated from each other by an isolation structure,
wherein the plurality of fins includes a first fin having a
first sidewall portion and an opposing second sidewall
portion and a top surface extending between the first and
second sidewall portions;
forming a gate structure over a portion of the first fin,
wherein forming the gate structure over the portion of
the first fin includes forming the gate structure along the
first sidewall portion, the second sidewall portion, and
the top surface of the first fin such that the gate structure
physically contacts the first sidewall portion, the second
sidewall portion, and the top surface of the first fin;
forming spacers on sidewalls of the gate structure, wherein
forming spacers on the sidewalls of the gate structure
includes forming an inner spacer layer over the gate
structure and an outer spacer layer over the inner spacer
layer; and
epitaxially (epi) growing silicon on exposed portions of
each fin, wherein the epi process incorporates an impu-
rity element, wherein the inner spacer layer completely
covers the gate structure while the silicon is epitaxially
grown on the exposed portions of each fin.
20. The method of claim 19, further comprising doping the
epi silicon with an n-type dopant, and
wherein the impurity element includes a material selected
from the group consisting of germanium, indium, and
carbon.



